Abstract. A major mechanism for the generation allelic diversity in the Plasmodium falciparum msp1 gene is meiotic recombination in the Anopheles mosquito. The frequency of recombination events is dependent on the intensity of transmission. Herein we investigate the frequency of recombination-driven allelic diversity and temporal variation of msp1 in Rufiji, eastern coastal Tanzania, where malaria transmission is intense. We identified 5Ј recombinant types, 3Ј sequence types, and msp1 haplotypes (unique associations of 5Ј recombinant types and 3Ј sequence types) to measure the extent and temporal variation of msp1 allelic diversity. The results show that msp1 haplotype diversity is higher in Tanzania as compared with areas with lower transmission rates. The frequencies of individual polymorphic regions/sites remained stable during the study period. However, the frequency distribution of msp1 haplotypes varied between 1993 and 1998. These results suggest that frequent recombination events between msp1 alleles intermittently generate novel alleles in high transmission areas.
INTRODUCTION
The 200-kDa merozoite surface protein-1 (MSP-1) of Plasmodium falciparum is a leading vaccine candidate antigen. 1, 2 MSP-1 contains at least two regions targeted by host immunity: block 2 near the N terminus and block 17 at the C terminus. Human antibodies against block 2 are associated with protection from clinical malaria in highly endemic areas in Africa. 3 Block 17 encodes a C-terminal 19-kDa polypeptide, a product processed from MSP-1, 4 which confers protection after immunization against challenge with live parasites in animals. 5, 6 Sera from individuals living in highly endemic areas contain antibodies against the 19-kDa fragment that inhibit merozoite invasion into red blood cells. [7] [8] [9] MSP-1 exhibits extensive polymorphism, 10, 11 which is a potential obstacle to the development of effective vaccines. In animal models, MSP-1 has been shown to be the major antigen involved in inducing "strain-specific immunity," in which the host mounts an immune response that is more effective against the immunizing strain than it is against genetically divergent strains. 12, 13 As is the case for other P. falciparum antigen genes, msp1 polymorphism is generated via a number of different mechanisms; point mutations result in singlenucleotide polymorphisms (SNPs), insertion/deletion of repeats cause repeat length polymorphisms, and meiotic recombination involving the exchange of gene fragments between parental alleles produces novel alleles in the progeny. SNPs in msp1 appear to be stable through time 14 and may be of ancient origin. 15 Repeat-length polymorphisms are common in msp1 10, 11, 16 to the extent that size polymorphism between alleles is widely used as a marker for parasite genotyping. 17 Aside from repeat-length polymorphisms, meiotic recombination is the major mechanism for the generation of msp1 allelic diversity. 10 Potential recombination sites have previously been mapped to restricted regions within msp1 (see Figure 1) . 10, 11 The frequency of recombination in P. falciparum is dependent, to a large extent, on the rate of transmission, because meiotic recombination occurs only in the mosquito host. Recombination-driven allelic diversity in msp1 is expected to be high in areas of intense malaria transmission and lower in areas with less intense transmission dynamics. The validity of this assumption remains to be tested, however, as very few studies have directly measured recombination-driven msp1 diversity in areas of high transmission.
To investigate the nature and frequency of msp1 allelic diversity in a highly endemic area, we conducted a study of the prevalence of msp1 haplotypes in isolates collected 1993, 1998, and 2003 in Rufiji, eastern coastal Tanzania, where malaria transmission is intense and perennial. 18 Our results show that the extent of recombination-driven allelic diversity in msp1 is higher in Tanzania as compared with areas with lower transmission rates. The frequency distribution of msp1 haplotypes varied through time, but the frequencies of individual polymorphic regions and sites remained stable throughout the 10-year period of study. These results suggest that frequent recombination events in msp1 intermittently generate novel msp1 alleles in a high transmission area.
MATERIALS AND METHODS
Study area and sample collection. P. falciparum isolates were collected during malaria surveys from individuals living in Nyamisati village in the Rufiji River Delta, 150 km south of Dar es Salaam, in eastern coastal Tanzania in February and March 1993 (N ‫ס‬ 120), 1998 (N ‫ס‬ 132), and January 2003 (N ‫ס‬ 104). Almost all samples were taken from asymptomatic donors of all ages with a mean age of 14.2 years (range, 1-78) and 16.8 years (range, 1-63) in 1993 and 1998, respectively, and from those aged 10-19 years (mean, 13.8 years) in 2003. Malaria in the study area was holoendemic with perennial transmission with some increase during the two rainy seasons, April to June and December. 18 An annual entomological inoculation rate is not available for the study area, but it is known to be in the range of 94 to 667 infective mosquito bites/person/year in eastern Tanzania. 19 Insecticideimpregnated bed nets were distributed to all houses in the village in 1999. Slide-positive parasite rates were recorded for the 1993 sample (46%) but were unavailable for the other sampling dates because of technical reasons. However, para-site positive rates in sampled people as checked by highsensitivity PCR-based parasite detection (msp1 typing method used in this study) were 78%, 77%, and 44% in 1993, 1998, and 2003, respectively.
All samples were collected after informed consent had been obtained from the donors or their guardians. Venous blood was collected into EDTA-containing tubes and stored at -20°C. Individuals with signs of clinical disease, i.e., fever and parasites, were treated with Fansidar. Parasite genomic DNA was extracted using the QIAamp DNA Blood Kit (Qiagen, Hilden, Germany). The volume of extracted DNA template was adjusted to be equivalent to the original blood volume. Ethical approval was obtained from the Ethical Committee of the National Institute for Medical Research, Tanzania, and the Ethical Committee of the Karolinska Institute, Sweden. Data previously obtained from clinical samples in Mae Sot in northwestern Thailand in 1995 and from survey samples in Guadalcanal Island in the Solomon Islands in 1994-1996 were used for geographical comparison. 20 We used clinical isolates (N ‫ס‬ 111) from patients who attended a malaria clinic in Mae Sot in northwestern Thailand in 1995. 21 The mean age of the donors in Thailand was 24.6 years. A total of 90 isolates were collected in north Guadalcanal, the Solomon Islands: 40 clinical isolates from outpatients with a mean age of 18.3 years of a hospital in Honiara City and 50 isolates from four villages (Kaotave, Tadhimboko, Nugalitav, and Ruavatu). 20 In these rural villages, samples were collected in most cases from parasite-positive asymptomatic individuals during malariometric surveys, and most of the donors were primary-school children aged 8 to 15 years.
Determination of msp1 polymorphisms. P. falciparum msp1 (a 5-kb single-copy gene) consists of 17 distinct sequence blocks, according to the degree of sequence similarity among alleles (Figure 1) . 10 Sequence variation in msp1 is principally dimorphic (either one or the other of two major allelic types: K1 type and MAD20 type) in all variable blocks except block 2, which is trimorphic (represented by K1, MAD20, and RO33 types). To monitor the recombinationdriven allelic diversity of msp1, we divided the gene into three regions: a 5Ј 1.1-kb region (blocks 2 to 6), a central 3.5-kb region (blocks 6 to 16), and a 3Ј 0.4-kb region (block 17), in which potential recombination sites have been mapped to the 5Ј and 3Ј regions ( Figure 1 ). No recombination events occur in blocks 6 to 16. 16, 21, 22 The msp1 haplotypes are thus defined as unique associations of 5Ј recombinant types and 3Ј sequence types in this study.
The 5Ј recombinant types are defined as unique associations of allelic types of variable blocks 2, 4a, 4b, and 6. In total, 24 distinctive 5Ј recombinant types are distinguishable: i.e., 24 ‫ס‬ 3 × 2 × 2 × 2 (three allelic types designated as K, M, and R in block 2 and two allelic types designated as K and M in blocks 4a, 4b, and 6). The 5Ј recombinant types were determined by our methods described previously. 20 In brief, they were determined by the following two steps: (i) firstround PCR to determine allelic types of blocks 2 and 6 using allelic-type-specific primers, and (ii) nested PCR to determine allelic types of blocks 4a and 4b (≈ 100 bp) using the first-round PCR products and allelic-type-specific primers. The PCR method allows us to determine the rate of multiple 5Ј recombinant-type infections, here referred to as "polyinfection rate," and the mean number of 5Ј recombinant-type infections per isolate (MORT). One microliter of template DNA was used for first-round PCR. 5Ј Recombinant types were fully determined in 94 of 120 Tanzanian isolates collected in 1993, in 102 of 132 isolates in 1998 samples, and in 46 of 104 isolates in 2003. Thus, 68% (242/356) were PCRpositive in all samples obtained through malariometric surveys, indicating that our data represent a P. falciparum population in the study area.
The nucleotide sequence of block 17, which encodes the C-terminal 19-kDa polypeptide, was determined by direct sequencing after amplification of the full-length msp1. To see associations of 3Ј sequence types (block 17 sequences) and 5Ј recombinant types (blocks 2 to 6), only those isolates having a single 5Ј recombinant type (i.e., mono-infection) were selected for further analysis. (We did not use cloning of the full-length msp1 gene because artificial recombination readily occurs during amplification and cloning when samples with mixed genotypes are used. 22 ) Because the number of isolates with mono-infections was limited in our Tanzanian samples, we increased the number of mono-infection samples by diluting genomic DNA templates by 20-fold. 5Ј Recombinant types were again determined for the diluted samples, and those with a single 5Ј recombinant type were selected. The FIGURE 1. Determination of P. falciparum msp1 haplotype, a unique association of 5Ј recombinant types and 3Ј sequence types. msp1 is divided into 17 blocks, in which inter-allele conserved, semi-conserved, and variable blocks are indicated by open, horizontally hatched, and vertically hatched columns, respectively. For K1-type, MAD20-type, and RO33-type variable blocks, sequences are represented by densely toned, half-toned, and black bars, respectively. The 5Ј recombinant types were determined by PCR amplification of blocks 2 to 6 using allelic typespecific primers of blocks 2 and 6, followed by nested PCR for blocks 4a and 4b using allelic type-specific primers of blocks 4a and 4b. Five amino acid substitutions in block 17 are indicated by the one-letter codes. The 3Ј sequence type is the combination of those residues. Potential recombination sites are shown by arrows.
numbers of isolates sequenced were 38, 23, and 13 in samples collected in 1993, 1998, and 2003, respectively. No significant difference in the frequency distribution of 5Ј recombinant types was found between undiluted original samples and diluted samples, indicating no bias of sampling after dilution (not shown). Amplification of the full-length msp1 was first done with primers UPF1 (5Ј-GGCTAATGTAAAATGCA-AAAATAAATGT) and DWR1 (5Ј-ACATGACTAAA-ATATCACTATTCCTGT) in a 20-L reaction mixture containing 1 L of template genomic DNA for 37 cycles using LA-Taq (TaKaRa, Tokyo, Japan). Two microliters of 10-fold diluted PCR products were amplified by nested PCR using primers UPF3 (5Ј-AATAAATGTATACATATT-TTTGCTAAGTCA) and DWR3 (5Ј-TTAAGGTAA-CATATTTTAACTCCTACA) for 20 cycles. The PCR product was purified using the QIA Quick PCR purification kit (Qiagen) and directly sequenced from both directions using primers C17aFs (5Ј-CAAG(G/A)TATGTTAAACA-TTTCACAACA) and DWR3 with the BigDye Terminator Cycle sequencing kit (version 3.1) on an automated multicapillary ABI 3100 sequencer (Applied Biosystems, Foster City, CA). Sequences were verified by re-sequencing the PCR products independently amplified from the same DNA. To date, five major amino acid changes have been identified in block 17 from various geographic areas (E or Q at amino acid residue 1644; T or K at 1691; SR or NG at 1700-1701; and L or F at 1716; the positions are numbered according to Ref. 15) (Figure 1) . 21, 23 Hereafter, we refer to combinations of these residues as 3Ј sequence type.
Unique associations of 5Ј recombinant types and 3Ј sequence types are referred to as msp1 haplotypes. Partial sequencing of blocks 2 to 6 of the PCR amplicons (full-length msp1) confirmed 5Ј recombinant types determined by PCR-based typing (Tanabe, unpublished) . This indicates that our analysis of linkage between polymorphisms in the 5Ј region and 3Ј region is not affected by artificial recombination.
Statistical analyses. Frequency distributions of msp1 5Ј recombinant types, 3Ј sequence types, and msp1 haplotypes were compared using the 2 test with Yates correction and Fisher's exact test for data sets fewer than 5. Differences in mean number of 5Ј recombinant types per isolate (MORT) were tested for significance using a two-tailed Mann-Whitney U test. The diversity level of msp1 haplotypes was expressed in two ways: (i) relative frequency of the number of unique msp1 haplotypes per total number of msp1 haplotypes, and (ii) expected heterozygosity (h). h and its variance were calculated as previously described. 20 Differences in the relative frequency were tested by t test. The frequency of recombination events in msp1 was inferred from analysis of linkage disequilibrium within and between polymorphic blocks 2 to 6 and polymorphic sites in block 17. To assess linkage disequilibrium within msp1, pairs of polymorphic blocks 2, 4a, 4b, and 6 and polymorphic sites in block 17 were subjected to an R 2 test as described elsewhere. 24 Non-informative pairs (frequency < 10% in a polymorphic block or nucleotide site) were excluded from the R 2 test. Significance of linkage disequilibrium was assessed using the 2 test with Yates correction or two-tailed Fisher's exact probability test. A P < 0.05 was considered statistically significant. quency distribution of 5Ј recombinant types was very similar from 1993 to 2003. The frequency distribution of 5Ј recombinant types in Rufiji did not differ significantly from that reported previously in Tanga, northeastern Tanzania. 25 Tanzania was, however, significantly different from other geographic areas: Thailand and Solomon Islands (P < 10 −10 ), where frequencies of those types having K1 type in block 6 were substantially higher (19% in Solomon Islands and 30% in Thailand) as compared with Rufiji (< 7%).
Rates of multiple infections of the 5Ј recombinant types (polyinfection rate) were 76.6%, 87.4%, and 78.3% in 1993, 1998, and 2003, respectively, and the mean number of 5Ј recombinant types per isolate (MORT) 20 ). In Thailand, the polyinfection rate was 96.3% and MORT was 3.61, a level comparable to that observed in Tanzania. Thai isolates, however, were obtained from symptomatic patients, whereas Tanzanian isolates were from asymptomatic carriers, thus making direct comparison somewhat difficult. (There was no significant difference in polyinfection rate and MORT between individuals with clinical malaria and those with asymptomatic malaria in the Solomon Islands. 20 
)
There was a noticeable difference in age distribution of MORT from Tanzania (Figure 3) . In 1993, MORT increased from age group < 6 years to age group 11-15 years and thereafter declined. MORT was significantly lower in age group > 15 years than other age groups (P ‫ס‬ 0.035 against < 6 years, P ‫ס‬ 0.001 against 6-10 years, and P ‫ס‬ 0.003 against 11-15 years). In 1998, a peak MORT was observed in age group 6-10 years, followed by a significant reduction in age group > 15 years (P ‫ס‬ 0.003). In contrast to the reduction in age group > 15 years in 1993 and 1998, MORT increased from age group 
Q-K-NG-L, Q-T-SR-L, Q-K-NG-F, Q-K-SG-F, E-K-NG-L, E-K-NG-F, E-T-SR-L, and E-K-SR-L (Table 1). In addition, minor variants showing Q-K-NNG-L (N ‫ס‬ 2) and E-K-NNG-L (N ‫ס‬ 1)
were also observed, where the underlined "N" are substitutions for S at 1699, as detected earlier. 21, 23 The number of 3Ј sequence types was 5 and 4 in Thailand (N ‫ס‬ 48) and Solomon Islands (N ‫ס‬ 47), respectively.
Distribution and diversity of msp1 haplotypes. The numbers of distinct msp1 haplotypes were 20 in 38 isolates in 1993, 15 in 23 isolates in 1998, and 9 in 13 isolates in 2003 ( Table 2) . The msp1 haplotype diversity, as expressed by relative frequency of the number of unique msp1 haplotypes per total number of samples, was high in Tanzania in 1993 to 2003 (0.53-0.69) ( Table 2 ). These levels were significantly higher than the level observed in Thailand (0.31; P < 0.04) and Solomon Islands (0.17; P < 0.006). Rare msp1 haplotypes with a frequency of < 5% were abundant in Tanzania as compared with Thailand and Solomon Islands: 21/26 haplotypes (81%) in Tanzania in 1993 and 1998, 10/16 haplotypes (63%) in Thailand, and 3/8 haplotypes (38%) in Solomon Islands. Expected heterozygosity (h) was also high from 1993 to 2003 (Table 2 ). The difference in h reached statistical significance in 1993 and 2003 between Tanzania and Solomon Islands but not between Tanzania and Thailand.
Temporal variation in msp1 polymorphisms. The frequencies of polymorphisms in polymorphic blocks 2, 4a, 4b, and 6 and five major polymorphic nucleotide sites in block 17 were compared from 1993 to 2003 (Table 3) . A frequency variation was only observed in block 4a. Pairwise comparisons were also made between 1993 and 1998 (P ‫ס‬ 0.71) and between 1998 and 2003 (P ‫ס‬ 0.06). In contrast to the stable frequencies of individual polymorphisms, the frequency distribution of msp1 haplotypes was clearly different between 1993 and 1998 ( Figure 4 ) ( 2 test, P ‫ס‬ 0.001), indicating temporal variation of msp1 haplotypes during this 5-year interval.
(Rare msp1 haplotypes were excluded from analysis: N ‫ס‬ 4 in 1993 and N ‫ס‬ 2 in 1998; see Table 1 ). Linkage disequilibrium in msp1. To determine the frequency of recombination events in msp1, we performed linkage disequilibrium (LD) analysis, in which pairs of four polymorphic blocks (blocks 2, 4a, 4b, and 6) and four polymorphic sites were analyzed. Two sites at 1700 and 1701 in block 17 were always linked, and so they were combined for LD analysis. LD was undetectable in most pairs in Tanzania ( Figure 5 ). Only one pair of 10 informative pairs in 1993 (N ‫ס‬ 37) and one pair of 15 informative pairs in 1998 (N ‫ס‬ 23) were significant. These pairs were within block 17. LD analysis was not carried out on samples from 2003, due to limited numbers (N ‫ס‬ 13). These results indicate that the frequency of recombination events in msp1 is high in the Tanzanian populations. In contrast, in Thailand and Solomon Islands 12 of 21 pairs 
DISCUSSION
Intragenic meiotic recombination in the mosquito is a major mechanism of generation of allelic variation in P. falciparum msp1. The frequency of recombination in P. falciparum generally depends on the intensity of malaria transmission, which varies greatly in different endemic areas. 26, 27 In areas of Africa experiencing high perennial transmission, the entomological inoculation rate (the number of infective mosquito bites per person per year) can reach several hundred, 19 whereas it is at least 2 orders of magnitude lower in areas of low and seasonal transmission such as Southeast Asia. Thus, the recombination-driven allelic diversity of msp1 may be assumed to be higher in an intense transmission area than in a low transmission area. The present study is the first to measure the recombination-driven allelic diversity of P. falciparum msp1 in Africa. The results demonstrate that the diversity of msp1 haplotypes in Tanzania is high compared with areas of lower transmission such as Southeast Asia and Melanesia. 20 In the present study, geographic comparisons of msp1 diversity were performed using a PCR-based typing method, which may lead to underestimation of the frequency of recombination events. Nevertheless, we observed a sub- stantially high frequency of recombination-driven allelic diversity of msp1, suggesting that the extent of recombinationdriven allelic diversity of P. falciparum msp1 is much higher in Africa than we observed.
Although the intensity of transmission is a major factor determining msp1 allelic diversity, other factors may also be important. These factors include, but are not necessarily limited to, the rate of multiple-genotype infections (polyinfection rate), the mean number of 5Ј recombinant type infections per isolate (MORT), and the prevalence of msp1 haplotypes as well as the parasite-positive rate in a given area. In the Solomon Islands, where the transmission rate is comparable to that of Africa, msp1 allelic diversity is considerably lower than in Tanzania (Table 3) . The polyinfection rate, MORT, and msp1 haplotype prevalence are relatively limited in the Solomon Islands compared with Tanzania, and therefore the frequencies of out-crossing may be relatively low, resulting in the limited allelic diversity of msp1 observed in this area.
The frequency distribution of msp1 haplotypes varied in Nyamisati village between 1993 and 1998. During the same period, frequencies of individual polymorphisms in four polymorphic blocks (blocks 2 to 6) and 4 polymorphic sites (in block 17) remained stable. These two findings appear to contradict each other. However, they are readily reconciled when frequent recombination events are taken into consideration. We observed little linkage disequilibrium in msp1 in 1993 and 1998, suggesting frequent recombination events in the study area. Therefore, we consider it highly probable that frequent recombination events generate novel msp1 haplotypes (while simultaneously breaking down previously existing haplotypes), resulting in a temporal variation in their frequency distribution. This explanation is supported by a previous study that showed a rapid decline of linkage disequilibrium along a map distance in msp1 in highly endemic areas of Africa. 28 Temporal variations in msp1 polymorphisms in relatively short periods have been reported in Brazil. 29 Epidemic propagations of parasite populations bearing discrete msp1 alleles along with human movements have been suggested as a likely reason for such temporal variations. Recombination events may play a minor role, if any, in the temporal variation of msp1 allelic diversity in low transmission areas.
Variation of the frequency distribution of msp1 haplotypes through time has important implications regarding the parasite's ability to evade the host's immune response. In highly endemic areas, children gradually gain protective immunity to malaria after repeated infections. Although the mechanisms that generate this protective immunity are little understood, it is believed that protective immunity is acquired by cumulative immune responses to multiple antigenic variants after repeated infections. [30] [31] [32] Therefore, the extent and prevalence of antigen diversity in a local area is important for the acquisition of protective immunity. MSP-1 is highly immunogenic and induces antibody responses to the entire MSP-1 molecule. 33 Antibodies specific to different regions of MSP-1 inhibit, when combined, parasite growth in an additive manner. 33 Individuals living in endemic areas raise serum antibodies against MSP-1 in an age-dependent manner. 34 The intermittent appearance of novel msp1 alleles generated by meiotic recombination would produce a number of novel tertiary structure-associated combinational epitopes, and would therefore be likely to induce "epitope"-specific immunity even when frequencies of individual polymorphic blocks and sites are stable. Human antibodies that inhibit merozoite invasion into red cells are known to recognize conformational epitopes. 9 We consider, therefore, that frequent recombination-driven generation of novel msp1 alleles may affect the FIGURE 5 . Linkage disequilibrium in P. falciparum msp1 in populations from Tanzania. Pairs of polymorphic blocks 2, 4a, 4b, and 6 and four polymorphic sites (Q/E, T/K, SR/NG, and L/F) in block 17 were subjected to the R 2 test. Non-informative pairs (frequency < 10% in a polymorphic block or nucleotide site) were excluded from the R 2 test. Data from Thailand and Solomon Islands are from Sakihama et al. 20 efficiency of acquiring "strain"-specific immunity in highly endemic areas.
In the context of strain-specific immunity, our observation of a significant reduction of MORT from 1993/1998 to 2003 deserves attention. During this period, the age group displaying the highest MORT shifted from those of ages 6-10 years (highest MORT in 1998) to those > 15 years (highest MORT in 2003) . This trend was also seen in the polyinfection rates. The reason for this shift is unknown, but it is possibly related to the introduction of insecticide-treated bed nets (ITNs) to the study village in 1999. ITNs have previously been shown to reduce malaria infections substantially in Tanzania. 35 It is also possible that the establishment of a health clinic with continuous monitoring of malaria infections and provision of early treatment of patients contributed to an overall reduction of the mean number of multiple msp2 genotype infections. 36 The shift of the peak of MORT toward older age groups may be explained in terms of the acquisition of strain-specific immunity. Measures such as ITNs and better health-care facilities will effectively reduce transmission in the areas in which they are deployed. Reduced transmission could lead to an increase in the time it takes an individual to contract, and therefore to develop immunity to, all the different strains present in the area. This would lead to a shift in the peak of MORT to older individuals, as observed in this study. Similarly, the overall reduction of multiple infections may also be a function of reduced transmission.
MSP-1 induces protective antibody responses in individuals living in highly endemic areas. 3, 8, 9 It may be argued that msp1 polymorphism is maintained by immune selection, and hence rare polymorphisms increase in frequency over predominant polymorphisms because of the low rates of acquired immunity against them. However, the present study revealed a very stable frequency distribution of msp1 polymorphisms throughout the period of study (10 years) in Tanzania. Polymorphism in msp1 has previously been shown to remain stable over a study period of 7 years in the Gambia as determined by typing using monoclonal antibodies. 37 We propose, therefore, that msp1 polymorphism is not subject to frequency-dependent immune selection.
In conclusion, the present study demonstrates that allelic diversity of msp1 is higher in Tanzania than in Thailand and the Solomon Islands and suggests that intragenic recombination contributes to the allelic diversity of P. falciparum msp1 to a greater extent. In Tanzania, frequent recombination events appear to generate novel msp1 haplotypes intermittently and cause a temporal variation in the frequency distribution of msp1 haplotypes, whereas the frequencies of individual polymorphisms are stable.
